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A strong magnetic field in the jet base of a supermassive black hole Ivan Martí-Vidal,* Sébastien Muller, Wouter Vlemmings, Cathy Horellou, Susanne Aalto
Active galactic nuclei (AGN) host some of the most energetic phenomena in the universe. AGN are thought to be powered by accretion of matter onto a rotating disk that surrounds a supermassive black hole. Jet streams can be boosted in energy near the event horizon of the black hole and then flow outward along the rotation axis of the disk. The mechanism that forms such a jet and guides it over scales from a few light-days up to millions of light-years remains uncertain, but magnetic fields are thought to play a critical role. Using the Atacama Large Millimeter/submillimeter Array (ALMA), we have detected a polarization signal (Faraday rotation) related to the strong magnetic field at the jet base of a distant AGN, PKS 1830−211. The amount of Faraday rotation (rotation measure) is proportional to the integral of the magnetic field strength along the line of sight times the density of electrons. The high rotation measures derived suggest magnetic fields of at least tens of Gauss (and possibly considerably higher) on scales of the order of light-days (0.01 parsec) from the black hole.
T he AGN jets, related to the accretion mechanism in supermassive black holes, consist of relativistic plasma driven by strong and ordered magnetic fields. As a result of the magnetic interaction of the plasma, nonthermal (synchrotron) emission is produced (1) . Studying the polarization of this nonthermal emission from AGN is a direct way to probe the structure and strength of magnetic fields in the vicinity of a black hole. Of particular importance is the observation of the rotation measure, RM, defined as the change of polarization angle as a function of wavelength squared. This quantity is directly related to the plasma density and the strength of the magnetic field along the line of sight.
To date, it has been extremely difficult to obtain accurate polarimetric information from the innermost (subparsec) regions of AGN; only emission at submillimeter wavelengths can escape from these regions, due to a large synchrotron self-absorption (SSA) that blocks the emission at longer wavelengths. Unfortunately, the sensitivity of polarization observations at submillimeter wavelengths has so far been strongly limited by the instrumentation.
Previous attempts to detect Faraday rotation at submillimeter (submm) wavelengths from AGN have yielded only upper limits (2, 3) and marginal detections (4) that require strong assumptions about the absence of variability on time scales of weeks. There is a more robust detection for the Galactic center (5), although the activity in this source is much lower than in AGN. Recently, measurements of Faraday rotation in the nearby AGN 3C 84 (redshift z = 0.018) have been reported at mm wavelengths (6) .
We have obtained measurements of Faraday rotation at frequencies up to 300 GHz (about 1 THz in the rest frame of the source) from PKS 1830−211, a powerful gravitationally lensed AGN located at a redshift of z = 2.5 (7) . At these frequencies, SSA is negligible in the whole jet of PKS 1830−211 (8) , and the maximum emission originates at the jet region closest to the black hole; the zone where the plasma is being injected and accelerated into the main jet stream. At lower frequencies, SSA hides this jet acceleration zone from view. These results are thus fundamental to better understand the role of magnetic fields in the AGN accretion and jet production, which are intimately related to the growth and evolution of supermassive black holes.
This detection has been possible thanks to the high resolution (sub-arcsec) of our observations with ALMA and to the use of a new differential polarimetry technique, which we briefly describe in the following lines (see supplementary text section 1).
The ALMA receivers detect the signal in two orthogonal linear polarizations, X and Y, where X is received from a horizontal dipole and Y from a vertical dipole in the frame of the antenna mount. The two lensed images of PKS 1830−211, which we call northeast (NE, upper-left in projection on sky) and southwest (SW, lower-right), are separated by 1′′. In Fig. 1 , we show an example of snapshot images in XX and YY of the two components of the gravitational lens, as well as their difference. The difference image contains information about the difference between NE and SW in Stokes parameters Q and U. Our analysis makes use of the polarization ratio, R pol , which is defined as
where R 1;2 XX and R 1;2 YY are the flux-density ratios between the two lensed images of the AGN, obtained separately from the XX and YY polarization products. R pol is a function of the parallactic angle of the antennas, y, and the observing wavelength, l, and encodes information about the difference of polarization between the two images, via the approximately constant parameters p dif and a (supplementary text section 1), as well as their rotation measure RM,
where f 0 1 0 is the position angle of the polarization of image 1 at zero wavelength in the plane of the sky. The technique of differential polarimetry essentially enables estimation of RM via fitting the observed sinusoidal dependence of R pol as a function of l 2 and y, using Eq. 1.
Our results are based on ALMA observations at sky frequencies around 100, 250, and 300 GHz (8) . Correcting for the cosmological redshift, these frequencies correspond to 350, 875, and 1050 GHz 312 17 APRIL 2015 • VOL 348 ISSUE 6232 sciencemag.org SCIENCE Fig. 1 . ALMA image of the gravitationally lensed AGN PKS 1830−211 at 250 GHz, taken on 30 June 2014. Left, in XX polarization; center, in YY polarization (with the peak normalized to that of the XX image); right, the difference between polarizations. Notice the small residual in the southwest lensed image, which encodes differential polarization information among the northeast and southwest images. The contours are set at 0.625, 1.25, 2.5, 5, 10, 20, 50, and 99% of the peak intensity. in the frame of the source. More details on these observations, and a summary of the main goals of this ALMA project, can be found elsewhere (9) . We also summarize all the observations in the supplementary text (section 2). Our observations can be divided in two data sets, one consisting of six epochs in 2012 (9 April to 16 June) and the other of nine epochs in 2014 (3 May to 27 August). In Fig. 2 , we show the measured R pol between the two lensed images of PKS 1830−211. These measurements have been obtained from the R XX and R YY values fitted with the visibility-modeling software presented in (10) . The uncertainties have been obtained with the standard error propagation approach, using the uncertainties in R XX and R YY that were derived from the co-variance matrix of the visibility fitting, as described in (10) .
The derivatives of R pol versus l 2 , which are related to RM (supplementary text section 1.3), are clearly different for different wavelength ranges. Between l 2 = 8 and 12 mm 2 , the maximum derivative is 4.4 × 10 −3 mm −2 , whereas between 0.8 and 1.6 mm 2 it is 70 × 10 −3 mm −2 . Because the maximum observed R pol ratios are, in absolute value, similar at all wavelengths, the different derivatives of R pol versus l 2 must be due to larger RM at shorter wavelengths (see supplementary text section 1.3 for a more detailed discussion). Large variations of RM with wavelength have been reported in other AGN (11) , although at much longer wavelengths (cm), related to larger spatial scales in the jets. Our finding cannot be explained easily if the RM is only caused by an external (e.g., spherically symmetric) screen of material being accreted onto the black hole [as in the case of the RM detected in the Galactic center (5) ] and/or by external clouds. The size of the submm emitting region (estimated as the distance to the black hole at which the submm intensity is maximum) is only of the order of 0.01 pc (8) . Hence, if the Faraday screen were extended and located far from the jet base, the rotation measure at submm wavelengths should not depend on the observing frequency, because the extent of the Faraday screen would be similar for all the submm jet emission. The Faraday screen must thus be close to the jet base and change substantially on sub-parsec scales (Fig. 3 ). An increase of the RM at shorter wavelengths would then be explained naturally as an increase of the magnetic field strength and/or electron density as we approach the black hole. Indeed, observations of other AGN at long wavelengths (cm) show changes of RM across the jets, both longitudinal and transversal (12) (13) (14) , that have been attributed to changes in particle density and magnetic fields in the jets, independent of a more distant external medium.
We have three sets of observing epochs at 250 and 300 GHz separated by a short time interval (1 to 2 days). In these three cases, we can directly estimate RM and p dif by fitting R pol to the model given by Eq. 1. The parameter estimates in these three data sets have been performed by leastsquares minimization, comparing the measured R pol to the model predictions. The data at our lowest-frequency band (i.e., 100 GHz) have been discarded from the fit, because they trace different rotation measures from different regions of the jet, as we have already discussed. We show the fitting results in Fig. 4 and the estimated parameters in Table 1 . Our estimated source-rest-frame RMs are about two orders of magnitude higher than the highest values reported previously for other AGN, which are~10 6 rad/m 2 (4, 6) .
Although the two RM measurements in 2012 are compatible, the estimate in 2014 is higher by more than a factor of 2. Regarding the amplitude of R pol , which is related to the fractional polarization and to the relative polarization angles among the NE and SW images, we find different values for the two observations in 2012. These two observations were serendipitously taken before and after a strong g-ray flare, which had a very weak radio counterpart (8) . This leads us to speculate that the change in polarization may be correlated to the radio counterpart of that flare. Another g-ray flare was detected in 2014 (15) , also coincident with the time range of our 2014 observations. The new flare had a strong radio counterpart, which may also be related to the higher RM that we measure in 2014. The high variability in RM and p dif , in connection to the g-ray flaring events, points toward a cospatial origin of the g-ray emission and the 250-to 300-GHz rotation measures, hence favoring our interpretation of the RM being caused at the region very close to the jet base. . Emission at higher frequencies comes from material closer to the black hole, at subparsec scales. At these frequencies, the main contribution to RM must come from a zone close to the jet, in order to explain the different RM values between 350 GHz and 0.8 to 1 THz (source frame). Fig. 4 . Fits of our three epochs with quasisimultaneous observations at 250 and 300 GHz to the model given in Eq. 1. We show R pol versus l 2 corrected by −y/RM, to obtain a sinusoidal behavior. The RM is related to the line-of-sight integral of the electron density times the magnetic field, corrected for the cosmological redshift (16) . In units of rad/m 2 ,
where dl is the differential path along the line of sight (in pc), z is the redshift (z = 2.5), n is the particle density (in cm −3 ), and B || is the magnetic field projected in the line of sight (in Gauss). Our RM will be an important test for detailed magnetohydrodynamical (MHD) models at the jet base, but such analysis is beyond the scope of this paper. At a more basic level, it is impossible to unambiguously disentangle the contributions of the magnetic field, electron density, and path length to the integral determining the rotation measure. This difficulty is exacerbated by the absence of direct information about the electron density or path length from observations, leading to the need to extrapolate from larger scales, which introduces additional uncertainty. The rotation measures derived here, RM~10 8 rad/m 2 in the rest frame of the source, are about a factor of 10 5 greater than the rest-frame RM values measured for parsec-scale AGN cores, where the derived magnetic fields have been independently measured to be~0.05 to 0.10 G (11, 17) ; this suggests that the magnetic fields in the subparsec regions that we are probing are at least a few tens of Gauss, and possibly much higher. More exact estimates of these magnetic fields will require a separate dedicated study. In any case, our results are a clear indication of very high magnetic fields at the jet base, which should be dynamically important near the black hole and should in turn affect the accretion process. A similar conclusion was drawn from a statistical analysis of jet core shifts from a complete sample of AGN, using high-resolution radio observations at centimeter wavelengths (18) . In the near future, our differential polarimetry technique can be used to further measure and monitor RMs at very short wavelengths, from this and other AGN. The monitoring of magnetic fields and particle densities at the jet regions closest to the black holes, via submm polarimetry, will allow us to study the tight connection between black-hole accretion and relativistic jets, the two fundamental pieces of the fascinating cosmic puzzle of AGN.
